The primary structural information of proteins employed as biotherapeutics is essential if one wishes to understand their structure-function relationship, as well as in the rational design of new therapeutics and for quality control. Given both the large size (around 150 kDa) and the structural complexity of intact immunoglobulin G (IgG), which includes a variable number of disulfide bridges, its extensive fragmentation and subsequent sequence determination by means of tandem mass spectrometry ( Top-down mass spectrometry (MS) 1 (1-3) has continued to demonstrate its particular advantages over traditionally employed bottom-up MS strategies (4). Specifically, top-down MS allows the characterization of specific protein isoforms originating from the alternative splicing of mRNA that code single nucleotide polymorphisms and/or post-translational modifications (PTMs) of protein species (5). Intact protein molecular weight (MW) determination and subsequent gasphase fragmentation of selected multiply charged protein ions (referred to as tandem MS or MS/MS) theoretically might result in complete protein sequence coverage and precise assignment of the type and position of PTMs, amino acid substitutions, and C-or N-terminal truncations (6), whereas the bottom-up MS approach allows only the identification of a certain protein family when few or redundant peptides are found for a particular protein isoform. At a practical level, however, top-down MS-based proteomics struggles not only with the single-or multi-dimensional separation of undigested proteins, which demonstrates lower reproducibility and repeatability than for peptides, but also with technical limitations present in even state-of-the-art mass spectrometers. The outcome of a top-down MS experiment depends indeed on the balance between the applied resolution of the mass spectrometer and its sensitivity. The former is required for unambiguous assignment of ion isotopic clusters in both survey and MS/MS scans, whereas the latter is ultimately dependent on the scan speed of the mass analyzer, which determines the number of scans that can be accumulated for a given analyte ion on the liquid chromatography (LC) timescale to enhance the resulting signal-to-noise ratio (SNR). Until recently, the instrument of choice for top-down MS has been the Fourier transform ion cyclotron resonance (FT-ICR) mass From the ‡Biomolecular Mass
Top-down mass spectrometry (MS) 1 (1-3) has continued to demonstrate its particular advantages over traditionally employed bottom-up MS strategies (4) . Specifically, top-down MS allows the characterization of specific protein isoforms originating from the alternative splicing of mRNA that code single nucleotide polymorphisms and/or post-translational modifications (PTMs) of protein species (5) . Intact protein molecular weight (MW) determination and subsequent gasphase fragmentation of selected multiply charged protein ions (referred to as tandem MS or MS/MS) theoretically might result in complete protein sequence coverage and precise assignment of the type and position of PTMs, amino acid substitutions, and C-or N-terminal truncations (6) , whereas the bottom-up MS approach allows only the identification of a certain protein family when few or redundant peptides are found for a particular protein isoform. At a practical level, however, top-down MS-based proteomics struggles not only with the single-or multi-dimensional separation of undigested proteins, which demonstrates lower reproducibility and repeatability than for peptides, but also with technical limitations present in even state-of-the-art mass spectrometers. The outcome of a top-down MS experiment depends indeed on the balance between the applied resolution of the mass spectrometer and its sensitivity. The former is required for unambiguous assignment of ion isotopic clusters in both survey and MS/MS scans, whereas the latter is ultimately dependent on the scan speed of the mass analyzer, which determines the number of scans that can be accumulated for a given analyte ion on the liquid chromatography (LC) timescale to enhance the resulting signal-to-noise ratio (SNR). Until recently, the instrument of choice for top-down MS has been the Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, primarily because of its superior resolving power and the availability of electron capture dissociation for the efficient MS/MS of large biomolecules (7, 8) . However, this solution has been shown to have some limitations in the analysis of large proteins (9) . The main issue, as described by Compton et al. (10) , is that the SNR in Fourier transform mass spectrometry (FTMS) is inversely proportional to the width of the isotopic and charge state distributions (11) , which both increase as a function of MW. Particularly, the SNR dramatically decreases with MW under standard on-line LC-MS/MS operating conditions if isotopic resolution is required. It is noteworthy that such SNR reduction can affect not only intact mass measurements, but also the subsequent MS/MS performance.
The most widely employed solution for improving top-down analysis is thus a substantial reduction of the protein mixture complexity, for example, through off-line sample prefractionation (12) . Furthermore, when the MW exceeds 100 kDa, proteins are often analyzed via direct infusion after off-line purification of the single isoform or species of interest (13) . Overall, these strategies aim to improve the quality of mass spectra, specifically their SNR, by increasing the number of scans dedicated to each selected isoform or species. However, off-line intact protein analysis has limitations, including sample degradation and modification (e.g., oxidation during long off-line measurements and sample storage). The time required for multistep LC-based protein purification can also be substantial.
Electron capture dissociation (ECD) (14, 15) and electron transfer dissociation (ETD) (16) are ion activation techniques that allow polypeptide fragmentation with reduced PTM losses (17, 18) . Nevertheless, ECD and ETD generally provide larger sequence coverage for intact proteins than slow-heating activation methods such as collision induced dissociation (CID) and infrared multiple photon dissociation (19, 20) . Furthermore, ECD and ETD are known to cleave disulfide bonds, a fundamental feature for the analysis of proteins in their native state (i.e., without cysteine reduction and alkylation) (21) (22) (23) .
The structural analysis of high MW intact proteins with MS has garnered much recent attention in the literature (24, 25) , mainly because of the improved capabilities offered by rapidly developing sample preparation, protein separation, and mass spectrometric methods and techniques. Immunoglobulin G (IgG) proteins are antibodies with an MW of about 150 kDa that are composed of two identical sets of light and glycosylated heavy chains with both intra-and intermolecular disulfide bridges ( Fig. 1) (26) . IgGs represent an attractive target for structural analysis method development, given their high importance as biotherapeutics (27) . A unit-mass resolution mass spectrum demonstrating an isotopic distribution of an isolated charge state of a 148 kDa IgG1 has been recently achieved with FT-ICR MS equipped with 9.4 T superconducting magnet and a statically harmonized ICR cell (24) . However, further analytical improvements are needed to achieve routine and reproducible MS operation at the required level of resolution and sensitivity.
Fragmentation of intact antibodies in the gas phase following the top-down MS approach has been previously attempted without precursor ion charge state isolation by means of nozzle-skimmer CID on a linear trap quadrupole (LTQ)-Orbitrap™ (28, 29) and with precursor ion isolation via ETD on a high resolution quadrupole time-of-flight (qTOF) mass spectrometer (25) . Relative to the results previously obtained with slow-heating MS/MS methods, the ETD qTOF MS/MS demonstrated substantially higher sequence coverage, reaching 15% for human and 21% for murine IgGs. Important for future top-down proteomics development for complex protein mixtures, the ETD qTOF MS/MS results were obtained on the LC timescale. To increase the sequence coverage and confidence in product ion assignment, a substantial increase in SNR was achieved by averaging MS/MS data from up to 10 identical LC-MS/MS experiments. The high complexity of the product ion population reduced the effective resolution to about 30,000, presumably limiting the assignment of overlapping high charge state product ions in the 1000 -2000 m/z range. Even higher peak complexity was observed in the region of charge reduced species and complementary heavy product ions, above 3000 m/z. Finally, numerous disulfide bonds drastically reduced MS/MS efficiency in the disulfide bond-protected regions. Here we demonstrate that ETD-enabled hybrid linear ion trap Orbitrap FTMS allows us to further improve the top-down ETD-based LC-MS/MS of monoclonal antibodies, introduced earlier for TOF-based MS. To fully take advantage of the high resolving power of Orbitrap MS/MS for increasing both the number of assigned product ions and the confidence of the assignments, maintaining an LC-MS/MS setup useful in a general proteomics workflow for protein desalting and separation, we averaged time-domain transients (derived from separated LC-MS/MS runs) before Fourier transform signal processing.
EXPERIMENTAL PROCEDURES
Sample Preparation-Humira monoclonal IgG1, kappa, was kindly provided by Abbott Laboratories (Abbott Park, IL, USA). The protein, originally stored in a buffer solution (sodium phosphate/sodium citrate/polysorbate 80, with the addition of NaCl), was dissolved in water at a concentration of 10 M and used without further purification.
Liquid Chromatography-Protein desalting and preconcentration for subsequent on-line MS/MS analysis was performed with reverse phase high performance LC (Surveyor MS Pump Plus with Micro Autosampler, Thermo Fisher Scientific, San Jose, CA, USA). For each chromatographic run, 20 pmol (2 uL) of IgG was loaded onto a BioBasic-4 column of 1 mm i.d. and 100 mm length with a 5 m particle size (Thermo Fisher Scientific, Runkorn, UK). A linear gradient from 20% to 80% of acetonitrile with 0.1% formic acid at a 100 l/min flow rate was applied to ensure an IgG elution time of ϳ5 min. The total run time, including column wash and re-equilibration, was about 15 min.
MS and Tandem MS-An ETD-enabled hybrid linear ion trap Orbitrap FTMS (Orbitrap Velos Pro, Thermo Scientific, Bremen, Germany) with an IonMAX ion source was employed for both IgG intact mass measurement and fragmentation, in separate experiments. For ETD MS/MS, precursor ions were isolated at either 2750 Ϯ 50 m/z (hereinafter referred to as the "narrow isolation window") or 2900 Ϯ 300 m/z (hereinafter referred to as the "wide isolation window") in the high pressure LTQ. Fluoranthene radical anions were introduced into the LTQ over 40 to 50 ms and were allowed to interact with multiply charged cations of IgG for 10 or 25 ms. Product ions were transferred to the Orbitrap FTMS, which was operated with a charge target value (automatic gain control) set to 1 million. Precursor and product ion detection were performed in the Orbitrap mass analyzer over a 200 -4000 m/z range. The resolving power was set at 15,000 (at 400 m/z) for MS experiments and at 100,000 (at 400 m/z) for ETD MS/MS. The precursor ion target was set to 1 ϫ 10 6 for all experiments, and the target for fluoranthene anions was set to 2 ϫ 10 6 . To optimize the SNR improvement as a function of single scan number, 10 microscans were averaged for each scan in all the experiments. The S-lens rf level was set to the maximum (70), and the transfer tube temperature was set to 350°C. Sheath gas was set to 20, and auxiliary to 10. The Orbitrap FTMS was calibrated for the high (2000 -4000 m/z) mass range, keeping mass accuracy for the low (50 -2000 m/z) mass range at the acceptable level.
Tandem MS Data Processing and Analysis-For each ETD LC-MS/MS experiment, Orbitrap FTMS time-domain transients were recorded in MIDAS .dat format (30) for additional signal processing. A dedicated routine was developed in-house for recording and adding the transients. Briefly, transient recording can be performed either directly by the Orbitrap FTMS on-board computer or through an additional oscilloscope connected to the preamplifier outputs, as described elsewhere (31) . Transient processing was performed following standard methods developed for FT-ICR MS, taking advantage of the Orbitrap FTMS transient MIDAS format's being fully compatible with the available FT-ICR MS data analysis freeware (32) . Importantly, all transient signals originating from separate LC-MS/MS experiments were summed in the time domain prior to Fourier transform (FT) signal processing. In the current work, the following numbers of summed transients were realized: (i) 18 scans (corresponding to 180 microscans) from a single LC-MS/MS run with an ETD duration of 10 or 25 ms; (ii) 180 scans (1800 microscans) from 10 LC-MS/MS runs with either 10 or 25 ms ETD; (iii) 360 scans (3600 microscans) from 20 LC-MS/MS runs, with equal numbers of 10 and 25 ms ETD experiments; and (iv) 1000 scans (10,000 microscans) from 40 LC-MS/MS runs, with 10 and 25 ms ETD combined.
For the SNR estimation, the noise in the ETD mass spectra was first calculated point by point (in a 45 m/z unit-large portion of the mass spectra, always the same for all of the ones considered), and after that the abundance of the peak at 772 m/z (taken as a reference for the light product ion population) was divided over the obtained noise value. Mass spectral deconvolution was performed with ProMass software (Thermo Scientific), and comprehensive analysis of fragmentation patterns was performed with the dedicated top-down MS analysis software ProSight PC 2.0 (Thermo Scientific) (33) . In the ProSightPC analysis, searches were performed against a custom protein warehouse incorporating the known sequences of both light and heavy chains of Humira in both oxidized and reduced forms (both chains) and with both cyclized and uncyclized isoforms of the heavy chain. Data were searched in two ways: first at Ϯ15 ppm fragment tolerance, and finally at Ϯ4.2 Da fragment tolerance. Fragments matching the first search were considered valid without further inspection. Data acquired in the second search were all manually validated. The large search tolerance required for these analyses arises from two separate phenomena: first, peak picking algorithms can mismatch the isotopic distribution, and second, electron-based fragmentations are known to undergo hydrogen atom migration (34, 35) . Both of these processes can shift the observed mass by 1 or more Da (1.0033 Da in the former, 1.0078 Da in the latter). Spurious matches were removed as false positives in this analysis. Fig. 2 shows the results of a single LC-MS experiment, without fragmentation, on the human, recombinant Humira IgG1. Over the selected gradient, the elution time of the IgG from the column was ϳ5 min (Fig. 2A) . The gradient, in combination with the relatively high quantity of IgG injected, maximized the elution time and allowed for efficient desalting. The charge state distribution is centered on the 52ϩ protein cation, and charge states observed ranged from 38ϩ to 80ϩ (Fig. 2B) . After the deconvolution of broadband MS data, several potential glycoforms were identified (Fig. 2C) . The peak at 148,080.3 Da can be attributed to two G0F oligosaccharidic chains (often referred to as G0F/ G0F glycoform (36)), whereas the remaining two glycoforms can be considered, respectively, as a G0F/G1F glycoform (considered the mass difference of 162 Da, corresponding to the addition of a hexose to one of the oligosaccharides) and G1F/G1F (or possibly, but less likely, G0F/G2F). Considering the known sequence of the IgG, which corresponds to an average mass of 145,465.5 Da, the mass accuracy error for the first glycan combination is ϳ0.3 Da, corresponding to ϳ2 ppm. The wide charge state envelope (from 38 to 80ϩ) ensured good statistics for the deconvolution operation. The inferred glycosylation pattern for the Humira IgG1 produced by intact protein mass measurements is consistent with what reported in the literature for similarly produced antibodies (36, 37) . Moreover, the intact mass measurements confirmed that no truncation was observed at either the N-or the C-terminus of the analyte.
RESULTS

Intact Protein MS-
Typically, qualitative and quantitative analysis of the glycosylation profile are performed in a bottom-up fashion-for instance, by quantifying tryptic glycopeptides (38) . However, and more commonly, in order to reduce the high complexity of all possible combinations of different glycans that can be found on recombinant IgGs, glycans are released via enzymatic reaction with PNGase F (39), with or without combination with physical methods such as microwave-assisted digestion (40), for both qualitative and quantitative analysis.
Top-down MS Method Optimization-As previously mentioned, the main performance limitation in the LC-based topdown MS and MS/MS of large proteins is the relatively low SNR provided by averaging a limited number of scans acquired during rapid protein elution in a single LC-MS/MS experiment. To increase the SNR of the MS/MS data and to maximize the number of confidently identified product ions, summing of Orbitrap MS/MS transients coming from a number of distinct LC-MS/MS experiments could be implemented before performing FT for time-to-frequency conversion. Fig. 3 displays expanded segments of ETD mass spectra resulting from analysis of a different numbers of transients acquired for two ion-ion interaction periods (10 ms and 25 ms) and two isolation windows (narrow and wide). Figs. 3A-3E show the results of experiments performed with a 2700 -2800 m/z precursor ion isolation window in the LTQ, the narrow isolation window, comprising precursor ions from 53ϩ to 55ϩ charge states. The ETD mass spectrum shown in Fig. 3F was obtained for the 2600 -3200 m/z precursor ion isolation window, the wide isolation window, comprising precursor ions from 47ϩ to 57ϩ charge states. For a 10 ms ion-ion interaction period (ETD duration), the main product ion population is centered at about 1600 m/z, and a second group of less abundant, lighter product ions is located below 1000 m/z (Fig.  3A) . The experiment with a longer (25 ms) ETD duration shows 
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a clear mass shift toward higher m/z values, with the final result being that the main product ion population is centered at ϳ2000 m/z (Fig. 3B) . A longer ETD duration presumably causes secondary electron transfer and product ion fragmentation. A greater number of different product ions with low masses is present in Fig. 3B than in Fig. 3A . Under both experimental conditions, the precursor ions and the corresponding charge-reduced species were barely detectable. This contrasts with our previous ETD MS/MS analysis of a human IgG conducted on a qTOF MS (for a comparison, see Fig. 1 of Ref. (25)). Figs. 3C and 3D show ETD mass spectra obtained by summing 180 scans from 10 and 25 ms ETD LC-MS/MS experiments, respectively. Here, the lack of detected IgG charge-reduced species is even more apparent.
Finally, Figs. 3E and 3F display mass spectra combining scans from both 10 and 25 ms ETD MS/MS, with the former resulting from the sum of 360 scans and the latter 1000 scans coming from ETD experiments in which a wide isolation window was used. These two ETD mass spectra present a bimodal product ion distribution character. Note that in addition to the increase in SNR for mass spectra gained by summing experiments with ETD interaction times of 10 ms and 25 ms, it is believed that higher sequence coverage may be obtained by adding potentially different product ions produced at a different degree of secondary fragmentation.
To estimate the sensitivity (or SNR) gain achieved by summing time domain transients before FT, we calculated SNR values for each of the ETD mass spectra presented in Fig. 3   FIG. 3 . Comparison of ETD mass spectra resulting from the addition of different numbers of transients and acquired under different ETD conditions. Precursor ion isolation window for panels A-E was 2750 Ϯ 50 m/z, whereas for panel F a wider isolation window of 600 m/z units centered at 2900 m/z was employed. A, ETD mass spectra obtained by summing 18 scans (corresponding to 180 microscans) acquired in a typical single ETD LC-MS/MS experiment with 10 ms ETD duration. B, single LC-MS/MS with 25 ms ETD duration. C, ETD mass spectra obtained by summing 180 transients (corresponding to 1800 microscans) collected in 10 LC-MS/MS experiments with 10 ms ETD duration. D, 10 LC-MS/MS runs with 25 ms ETD duration. E, ETD mass spectrum resulting from the sum of 360 transients, coming equally from 10 ms and 25 ms ETD duration experiments, equivalent to 20 LC-MS/MS runs. F, ETD mass spectrum resulting from the sum of 1000 transients (10,000 microscans in total), coming equally from 10 ms and 25 ms ETD duration experiments. using the abundance of the 772 m/z ion peak as a reference (see insets in Fig. 3 ). The reference peak was selected for its presence in both the 10 ms and 25 ms ETD experiments and its location in a spectral region with low interference from other peaks. Although the abundance of the 772 m/z ion peak relative to that of the base peak changes between the 10 ms and 25 ms datasets, it is clear that the measured SNR is roughly tripled when the number of scans increases from 18 to 180, as expected (the SNR goes from 18.8 to 60.8 and from 28.4 to 88.8 in 10 ms and 25 ms experiments, respectively). For ETD mass spectra combining an equal number of scans from the two types of ETD experiments, the gain in SNR is more difficult to determine, but by considering an averaged value for the initial SNR at 18 scans (that is, (18.8 ϩ 28.4)/2 ϭ 23.6) we can assume an increment of more than 4 times for the ETD mass spectrum in Fig. 3E relative to the result of a single LC-MS/MS experiment. The same calculation returns an almost 9-fold increment for the 1000-scans averaged ETD mass spectrum, which results from the use of different ETD precursor ions due to a wider isolation window and thus is not fully comparable with the preceding examples. A further increase in SNR obtained by adding more LC-MS/MS runs is feasible, although the envisioned SNR gain might not be justified by the increased sample consumption and experiment duration. Therefore, other ways of improving SNR in a single LC-MS/MS experiment are to be explored, including (i) activated ion-ETD (35, 41) , (ii) protein ion supercharging (42) (43) (44) (45) , (iii) an increased number of precursor ions obtained through multiple fills of the ETD reaction cell, (iv) improved product ion transmission to the Orbitrap mass analyzer from the ETD reaction cell, and (v) an increased number of scans acquired per LC-MS/MS experiment via super-resolutionmethod-based signal processing applied complementary to the FT signal processing (46) .
The complexity of high SNR ETD mass spectra can be appreciated in Fig. 4 , which emphasizes the importance of the employed high resolution acquisition (100,000 at 400 m/z) in the MS/MS mode. Particularly, the overlapping isotopic distributions of multiply charged product ion clusters are resolved, allowing one to determine their charge state with high confidence. Although the high resolution employed in this work profoundly contributed to the identification of IgG backbone cleavage sites (vide infra), it must be stressed that the increase in SNR achieved with the addition of transients taken from different LC-MS/MS experiments (see supplemental Fig.  S1 ) is currently the most important factor for the successful analysis of populations of large, multiply charged product ions via FTMS.
ETD-based Top-down MS: Narrow Isolation Window-The mass spectra obtained by summing 360 and 1000 ETD MS/MS scans were subjected to data analysis with ProSight PC (see "Experimental" section for more details). The obtained fragmentation map is represented in Fig. 5 . A summary of identified N-and C-terminal end-containing ions for both light and heavy chains is presented in Table I . The ETD mass spectrum obtained from 360 scans with simultaneous fragmentation of three different IgG precursor ions (charge states 53ϩ, 54ϩ, and 55ϩ) shows 46 c-ions, 31 z
• -ions, and 23 y-ions for the light chain, corresponding to 72 unique backbone cleavages, and 48 c-ions, 35 z
• -ions, and 21 y-ions, equivalent to 90 unique backbone cleavages, for the heavy chain (Fig. 5, black bars) . In the heavy chain, the Glu 1 residue was observed to be also in pyroglutamic acid (pyroGlu) form, as highlighted in purple in Fig. 5 . The total number of 162 identified unique backbone cleavages obtained via ETD of the three charge states of IgG precursor ions, taking into account the 214 residues of the light and 451 residues of the heavy chain (altogether resulting in 663 potential backbone cleavage sites), corresponds to 24.4% sequence coverage. Note the cleavages at both sides of proline residues (whose N-C ␣ bond cleavage in ETD would not result in separated product ions). Furthermore, although most of the assigned cleavage sites are located in the disulfide-bond-free regions, 22 backbone cleavages for the light chain and 10 for the heavy chain are notably located in disulfide-protected portions of the polypeptide sequence. Finally, it is noteworthy that the central portion of the light chain, comprising parts of both variable and constant domains, has been extensively sequenced, with most of the backbone cleavages confirmed by the identification of fragments containing information about the N terminus (cions) and the C terminus (z • -and/or y-ions). However, the central portion of the heavy chain (including the glycosylation site) was not sequenced at all.
ETD-based Top-down MS: Wide Isolation Window-The wider ion isolation window (600 m/z units, including precursor ions from 47ϩ to 57ϩ charge states), which might open new dissociation channels, was employed in order to further improve the ETD sequence coverage. Indeed, ETD of precursor 
ions from the wide isolation window generated 63 and 117 unique backbone cleavages from the light and heavy chains, respectively (Fig. 5, red bars) . The total number of thus-obtained unique cleavage sites (180) corresponds to 27.1% sequence coverage. Relative to the ETD results obtained with the narrow isolation window, the C-terminal portion of the light chain presents a lower number of assigned backbone cleavages, whereas the sequence coverage of the region between the second and third constant domains (C H 2 and C H 3) and the C-terminal part of the heavy chain is substantially improved. The outlined difference in fragmentation patterns is apparent in the branching ratios of product ions formed. Indeed, the total number of product ions containing information on the C terminus, namely, z • -and y-type ions, was 56 in ETD with the narrow isolation window, whereas it reached 71 for ETD with the wide isolation window for the heavy chain (Table I) . Conversely, for the light chain, the same number decreased from 54 for the former to 43 for the latter ion selection conditions. Considering the good SNR characterizing both analyzed mass spectra, the observed differences in sequence coverage at the C terminus are most likely due to the use of different ETD precursor ions for the two experimental sequences.
To adequately evaluate the progress made by employing Orbitrap ETD MS/MS for the structural analysis of intact and S-S bond reduced IgG, a comparison with previous work employing ETD MS/MS on a qTOF MS (see Scheme 2 in Ref. (25) ) and CID MS/MS on an Orbitrap FTMS (29) can be done ( Table I ). Note that CID experiments were performed on reduced and alkylated IgG of a different subclass (IgG2, not IgG1). For ETD experiments, the analyzed human IgGs were different only in the variable domains, as they belonged to the same subclass and had the same kappa-type light chain. An appreciable increase in sequence coverage provided by ETD on Orbitrap FTMS is apparent (Table I) . After we combined the results of narrow and wide isolation window ETD Orbitrap FTMS experiments, the final number of unique backbone cleavage sites rose to 217, representing 32.7% sequence coverage. A detailed investigation of the dependence of sequence coverage on the number of scans has yet to be addressed.
DISCUSSION
Given their multimeric structure comprising two heavy and two light chains, complex intra-and intermolecular disulfide connectivity, and heterogeneous glycosylation on heavy chains and their high molecular weight (ϳ150 kDa), the full characterization of intact IgGs represents a difficult challenge for any MS platform. The state-of-the-art high resolution Orbitrap FTMS allows LC-timescale-compatible intact IgG ionization, charge state selection in a range up to 4000 m/z, and fragmentation by both slow-heating methods (e.g., CID and higher energy collisional dissociation) and radical chemistrybased dissociation (e.g., ETD). It also supports the detection of isotopically resolved, multiply charged product ions present in a complex mixture, enabling a top-down MS approach for the structural analysis of intact IgGs. Here, we have demonstrated that time-domain transient signal averaging from a number of consecutive LC-MS/MS experiments before FT signal processing and peak picking significantly improves the performance of Orbitrap FTMS-based top-down MS. We note that although state-of-the-art top-down proteomics of 10 to 50 kDa proteins is already performed with on-line nanoLCMS, the analysis of intact proteins heavier than 50 kDa is often performed after off-line LC-based protein purification followed by off-line nanospray-MS. We opted for an on-line LC-MS/MS approach here because it is more universal than the off-line approach in terms of the types of samples to be addressed, as well as its suitability for automated quality control workflows. Indeed, the near-future goal of the topdown proteomics is to perform analyses of complex protein mixtures that contain heavy proteins as large as 150 to 200 kDa. With an increase in MS sensitivity and speed of high resolution data acquisition, substantially fewer LC-MS/MS runs will be required for protein characterization.
In the current work, the observed increase in SNR rose as expected with the square root of the number of scans; specifically, we estimated a roughly 4-fold to 8-fold gain in SNR from a single LC-MS/MS experiment to the final mass spectra. Furthermore, to maximize the number of assigned unique cleavage sites, we not only averaged 1000 scans, but we also used a large (600 m/z) precursor ion isolation window. As a result, the data presented here demonstrate a 2-fold higher sequence coverage than was obtained on a similar human IgG1 in a prior ETD implementation for top-down MS analysis of IgGs. In addition, we report the partial cyclization of Glu 1 to pyroGlu 1 on the IgG heavy chain. We note that significant structural differences between IgG variants considered in Table I certainly influence ETD MS/MS performance. Further work should be dedicated to comparing similar IgG subclasses. Also, information about the ETD preference for a particular IgG sequence or higher order structure provides an additional source of information on the ETD fundamentals.
The novelty of the results presented here for ETD-based top-down MS is primarily in the substantially improved analytical characteristics of the employed experimental set-up that increase the overall capabilities of the method and allow an important step to be taken toward its routine application. Although previous work demonstrated the proof-of-principle implementation, it also demonstrated the corresponding limitations, specifically in terms of the mass resolving power. The large number of laboratories equipped nowadays with highresolution Orbitrap FTMS instrumentation suggests a high impact of the results described here. Nevertheless, similar to previously reported results, we were not able to sequence long portions of the constant domains of light chains or the entire central portion of the heavy chain, presumably because of a combination of disulfide-bond networks and the partial retention of the secondary and tertiary structures of the IgG in the gas phase, which would explain the almost complete sequence coverage obtained for the flexible, unstructured loops connecting consecutive domains in the light and heavy chains (see Fig. 5 ). We are currently addressing these issues by implementing ion activation before and after ETD reaction, unfolding IgG via the partial reduction of disulfide bonds, and increasing the number of protonated sites via precursor ion supercharging. Future improvements in instrumentation-for example, the use of a compact high-field Orbitrap mass analyzer or Orbitrap Elite FTMS instrument or improved ion transfer and trapping-are expected to increase substantially the speed of analysis and reduce the number of scans required for top-down analysis.
